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Abstract 
Anaerobic co-digestion of canned seafood wastewater (CSW) with glycerol waste (GW) and wolffia arrhiza (WA) 
for methane production was investigated. Methane yields from anaerobic co-digestion of CSW with 1%GW,  CSW 
with 1%GW and 5%WA, CSW with 1%GW and 10%WA and CSW with 1%GW and 15%WA were 577, 789, 545 
and 474 mL CH4/g VS-added, respectively. Methane production from CSW with 1%GW and 5%WA increased 
approximately 4-fold when compared with CSW alone (278 mLCH4/g VS-added). Co-digestion of CSW with 1% 
GW and 5% WA was the best condition and gave the maximum methane production of 8.8 m3 CH4/m3 mixed 
wastewater and 96.8% biodegradability. The maximum methane production rate and yield were 3.71 L CH4/L-
reactor.day and 858 mL CH4/g VS-added (352 mLCH4/g COD-removed) at OLR of 4 g COD/L. day in UASB 
reactor.  The methane composition in biogas was 62.3%. The Monod, Modified Stover–Kincannon and Grau second-
order models were used to explain the performance of UASB reactor. The results showed that the kinetic coefficient 
of the Modified Stover–Kincannon model could explain the performance of UASB reactor in term of COD removal 
efficiency and microbial growth by having the regression coefficient (R2) as 0.987.   
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1. Introduction 
 Canned seafood industry (tuna, sardine, mackerel, etc.) is one of the major exports in Thailand. Most 
of the canned seafood industry is located in the southern and eastern coast of Thailand. Canned seafood 
processing requires large amounts of water such as the thawing, butchering and cooking etc. which the 
wastewater discharges about 14 to 22 m3/ton of raw material [1]. Generally, the wastewater treatments for 
canned seafood wastewater are activated sludge, aerated lagoon, oxidation pond and anaerobic lagoon but 
the anaerobic systems are less used. Anaerobic systems are not very popular due to the problem of high 
content of organic nitrogen in wastewater which inhibits the anaerobic process [2]. Wastewater from 
canned seafood processing has a high protein-based nitrogen and sodium concentration. Canned seafood 
wastewaters are contained of BOD5 (100–3,000 mg/L), COD (1,000–18,000 mg/L) and total nitrogen 
(80–1,000 mg/L) [3]. Protein-rich materials have a slow degradation and their degradation products 
(ammonium) can inhibit the process as well [4]. The ammonia nitrogen concentration ranging between 
0.17 and 14 g/L could inhibit methanogenic process and result the methane production reducing of 50% 
[5, 6]. Methanogenesis was also strongly inhibited by a sodium at the concentration of 10 g/L [3]. 
Prasertsan et al. [2] reported that the maximal biogas yield from fishery wastewater was 0.75 m3/kg COD 
for anaerobic filter treatment at OLR of 1.3 kg COD/m3.day and HRT of 11 days. 
 The canned seafood wastewater unsuitable to treat with the anaerobic process due to it was low 
organic matter content and high nitrogen content. Anaerobic co-digestion of canned seafood wastewater 
with other waste that has high COD content could be suitable for methane production. Glycerol waste was 
a by-product of biodiesel production. Glycerol waste was generated around 10% of raw material [7]. 
Glycerol waste has high COD, low prices, can be stored at room temperature for a long time and easy to 
digest under anaerobic condition [8]. Generally, glycerol waste was used as a co-substrate to improve the 
biogas production from pig manure. The maximum methane yield of 0.32 ml CH4/g COD was achieved at 
a mixing ratio of 80:20 (glycerol: pig manure) [9]. Wolfia arrhiza was a small circular floating weed. The 
size of wolfia arrhiza was about 1 mm of length that lives in tropical and subtropical lakes and marshes. 
The Wolfia arrhiza grows quickly and absorbs large amounts of nutrients [10]. The vegetative frond of 
Wolffia arrhiza may be applicable to the removal of nutrients from treated wastewater or polluted water 
like that in eutrophic lakes and used to make animal feed. Suppadit [11] reported that the nutrient removal 
using Wolffia arrhiza. It also difficult to dispose and using Wolffia arrhiza as a co-substrate in anaerobic 
digestion could be a suitable way for disposal. However, It still no report on co-digestion of glycerol 
waste and Wolffia arrhiza with industrial wastewater for biogas production. 
 This work aimed to evaluate the potential of glycerol waste (GW) and Wolfia arrhiza (WA) which is 
used as co-substrates to improve the methane production of canned seafood wastewater (CSW) in 
laboratory scale. The effect of the feed mixing ratio on the system performance and substrate removal was 
tested in an up-flow anaerobic sludge blanket reactor (UASB). The experimental data was also used for 
the kinetic coefficient value determination.  
 
Nomenclature 
a S0 /(ks·X) (per day)         
b  constant for Grau second-order model  
E substrate removal efficiency (Si-Se/Si) 
KB saturation value constant (g COD/L-day) 
Kd death rate constant (per day) 
KS half saturation concentration (g COD/L) 
ks Grau second-order substrate removal rate constant (per day) 
Q inflow rate (L/day) 
 Kiattisak Panpong et al. /  Energy Procedia  52 ( 2014 )  337 – 351 339
Nomenclature (Cont’d) 
X, Xe concentrations of biomass in the feed and reactor effluent (g VSS/L)    
Umax  maximum utilization rate constant (g COD/L-day) 
V reactor volume (L) 
Y yield coefficient (g VSS/ g COD removal) 
θC mean cell-residence time (day) 
θH hydraulic retention time (day) 
μ, μmax specific growth rate and, maximum specific growth rate, respectively (per day) 
CSW canned seafood wastewater 
GW glycerol waste 
WA wolffia arrhiza 
2. Methodology  
2.1 Substrates and seed inoculum 
 Canned seafood wastewater (CSW) was collected from Kuang Pei San Food Products Public Co., 
Ltd., Trang province, Thailand. Glycerol waste (GW) was collected from the biodiesel plant at Prince of 
Songkhla University, Songkhla, Thailand. Wolffia arrhiza (WA) was obtained from a local villager at 
Sakonnakhon, Thailand. The anaerobic seed was collected from wastewater treatment plant of the Kiang 
Huat Sea Gull Trading Frozen Food Public Company, Songkhla, Thailand. The substrate and seed were 
stored at 4oC and put aside at room temperature before using in the experiment. The chemical 
characterizations of substrate tested in this study were shown in Table 1. 
Table 1. Chemical characterization of substrates used in the experiments 
Parameter CSW GW WA 
pH 6.3 8.8 10.4 
COD(mg/L) 10,400 1,760,000 45,000 
VFA(mg/L) 2,230 6,650 1,000 
ALK(mg/L) 2,560 35,050 1,050 
TN(mg/L) 870 1,670 1,010 
TP(mg/L) 53.6 71,500 6,600 
TS(g/L) 9.37 969 29.80 
VS(g/L) 7.76 910 26.73 
Protein(g/L) 3.90 1.28 9.10 
Carbohydrate(g/L) 1.91 845 14 
Lipids(g/L) 0.13 63.76 3.40 
C/N ratio 11 949 40 
2.2 Bio-methane potential test 
 All experiments were conducted with 5 conditions of CSW alone, CSW(99%)+GW(1%), CSW 
(96%)+GW(1%)+WA(5%), CSW(89%)+GW(1%)+WA(10%) and CSW(84%)+GW(1%)+WA(15%). 
The bio-methane potential was investigated in serum bottle size 1,000 mL with working volume  900 mL. 
The experiment was performed for 64 days under mesophilic (37oC) conditions. The initial seed used in 
bio-methane potential test was 125 ml in all tests. The biogas production was measured by the water 
displacement method. The serum bottles were sealed with rubber stoppers and aluminium caps. The 
biogas composition was measured by a gas chromatography (GC). 
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2.3 Methane production in UASB reactor 
 The UASB reactor working volume of 2.58 L was conducted under mesophilic (37oC) conditions and 
using the initial seed of 322.5 ml (125ml/L). Mixing of CSW with 1%GW and 5%WA was fed into the 
reactor with an organic loading rate (OLR) of OLR as 2, 4 and 6 g COD/L. day and HRT of 14, 7 and 5 
days. The composition and volume of biogas, pH, VFA/alkalinity ratio and concentration of COD, 
volatile fatty acid (VFA), alkalinity were monitored daily. 
2.4 Analytical methods 
 pH was measured using a pH meter model Sartorius Docu. Chemical oxygen demand (COD), total 
solid (VS), volatile suspended solid (VSS), total nitrogen (TN), total phosphorus (TP), volatile fatty acid, 
alkalinity, protein, carbohydrate, fat and total ammonia nitrogen (TAN) were analyzed using the standard 
method for the examination of water and wastewater [12]. The biogas volume and composition were 
measured by the displacement of water and analyzed by gas chromatography (GC-8A Shimadzu) 
equipped with thermal conductivity detector and filled with 2.0 m packed column (Shin-Carbon ST 
100/120 Restex) [13]. The synergistic effect was calculated using the methane production from the best 
condition in bio-methane potential test by comparing to the methane production of single CSW, GW (%) 
and WA (%) [14]. Theoretical methane yield was calculated according Bushwell’s formula which is 
derived from the stoichiometric conversion of the compound to CH4, CO2 and NH3 [15]. 
3. Substrate removal kinetic method  
3.1 Monod model 
 For an UASB reactor without biomass recycle, the biomass growth rate and substrate consumption 
rate were expressed as equations (1) and (2): 
- -i e d
QX QXdX X K X
dt V V
          (1) 
 
-i eQS QSdS X
dt V V Y
            (2) 
 The ratio of the total biomass in the UASB reactor to wasted biomass per given time represents mean 
cell-residence time ( C ) was calculated from an equation (3): 
C
e
VX
QX
            (3) 
 The correlation between the specific growth rate ( max ) and the rate limiting substrate concentration 
was expressed by the Monod in an equation (4): 
max e
s e
S
K S
             (4)  
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 If it is assumed that the concentration of biomass in the influent could be neglected at the steady-state 
condition (dX/dt = 0 and –dS/dt = 0) and the HRT (
H ). It was defined as the volume of the reactor 
divided by the flow rate of the influent, following equations was obtained by substituting equations       
(3) - (4) into equations (1) and (2): 
1
d
c
K             (5) 
 
max 1e
d
s e c
S K
K S

           (6) 
 The kinetic parameters Y and Kd for the Monod model was obtained by rearranging equation as 
shown below 
1 1 1i e
d
H e C
S S K
X Y Y 
            (7) 
 The value of max and Ks were determined by plotting an equation (8): 
max max
1 1
1
C S
C d e
K
K S

            (8) 
 The effluent COD concentrations of the UASB reactor were predicted using an equation (9): 
 
max
1( )
1
S d
C
effluent
d
C
K K
COD
K

 


 
        (9) 
3.2 Modified Stover–Kincannon model 
 The Stover-Kincannon model was explained by an equation (10): 
( )i e
dS Q S S
dt V
            (10) 
 The dS/dt was a substrate removal rate (g/L. day) and determined as follows: 
max ( / )
( / )
i
B i
U QS VdS
dt k QS V
            (11) 
 Thus, Eq. (10) was explained as follows: 
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1
max max
1( )
( )
B
i e i
kdS V V
dt Q S S U QS U
           (12) 
 The organic loading rate (OLR) was defined as follows: 
iS QOLR
V
           (13)  
 By substituting an equation (13) into an equation (12) was illustrated as follows: 
1
max max
1 1( )
( )
B
i e
kdS V
dt Q S S U OLR U
            (14) 
 The effluent COD concentrations of the UASB reactor were predicted using an equation (15):  
max i
effluent i
B
U SCOD S
k OLR
             (15) 
3.3 Grau second-order multi component substrate removal model 
 The general equation of the second-order model was described by an equation (16) [16]: 
2( ) ( )iS
e
SdS k X
dt S
            (16) 
 If an equation (16) was integrated and then linearized, an equation (17) will be obtained [17]:  
i H i
H
i e S
S S
S S k X
             (17) 
 If Si/(ksX) was considered as a constant (a) and (Si-Se)/Si replaced by the substrate removal efficiency 
(E). An equation (17) was modified as follows [18]: 
H
Hb aE
               (18) 
 The effluent COD concentrations of the UASB reactor were predicted using an equation (19):  
(1 )Heffluent i
H
COD S
a b

           (19)  
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4. Result and Discussion 
4.1 Substrate composition and bio-methane potential  
 The CSW had a low C/N ratio. Mixing of CSW with GW and WA increased C/N ratio in the range of 
20-27 and could be reduced toxic chemicals in the form of total ammonia nitrogen (TAN) which was 
directly toxic to methanogenic bacteria. CSW with GW and WA compositions was shown in Table 2. 
TAN was produced by the biological degradation in the substrate had protein as a main component [19]. 
The optimal C/N ratio for anaerobic digestion was suggested in the range of 20-30 [20] while a higher 
C/N ratio could be expected to release lower concentrations of ammonia-N within the anaerobic systems 
[6]. The co-digestion of CSW (94%) with GW (1%) and WA (5%) enhanced maximum methane 
production of 7.9 LCH4/L mixed waste and methane yield 789 mLCH4/g VS-added with 96.75% of 
biodegradability. The cumulative methane production and methane yield in bio-methane potential test 
were shown in Fig. 1 and 2. The cumulative methane production and methane yield of other mixing ratio  
were in the range of 5.2-7.9 L CH4/L mixed waste and 474-789 mLCH4/g VS-added. Additionally, the 
cumulative methane production and methane yield of CSW, GW (1%) and WA (5%) alone were 1.95, 
0.95, 0.29 L CH4/L waste and 278, 211, 192 mLCH4/g VS-added. Adding of GW and WA was also 
increased COD concentration in the range of 25.6-30.4 g/L resulted in a higher biogas production rate. 
Mshandete et al. [22] also reported that the highest methane yield of 620 mLCH4/g VS-added when co-
digested between 33% fish waste and 67% sisal pulp. Methane production rate and methane yield were 
increased by 307% and 184% when compared to CSW alone. After adding of co-substrates, pH values in 
the pH range from 6.9 – 7.2 compared with CSW alone pH to 6.3. The advantages in using GW as a co-
substrate can be adjusted the pH of CSW a higher and saved the cost of chemicals used to adjust the 
neutral pH. The optimum pH for the methanogens and combined cultures ranged from 6.8 – 7.4 [23]. 
Table 2. Composition of CSW and CSW mixed with GW and WA 
Experiment COD (g/L) 
VS 
(g/L) 
TN 
(g/L) 
TAN 
(g/L) 
C/N  
ratio 
COD/VS 
(gCOD/gVS) 
CSW 10.40 7.76 0.870 0.78 11 1.34 
WA(5%) 2.40 1.53 0.095 *ND 23 1.57 
GW(1%) 16.00 4.50 0.025 *ND 576 3.56 
CSW(99%)+GW(1%) 25.60 9.98 0.887 1.66 26 2.57 
CSW(94%)+GW(1%)+WA(5%) 27.20 11.15 0.992 1.04 27 2.44 
CSW(89%)+GW(1%)+WA(10%) 28.80 12.66 1.192 *ND 22 2.27 
CSW(84%)+GW(1%)+WA(15%) 30.40 13.99 1.342 *ND 20 2.17 
*ND=Not determine 
 
 The high methane yield form co-digestion compared to digestion alone caused the synergism of 
bacteria within an anaerobic system [24]. The co-digestion of CSW (94%) with GW (1%) and WA (5%) 
was the best condition of methane production. The results of the synergism showed in Fig 3. The methane 
yield was 789 mLCH4/g VS-added (Theoretical methane yield = 830 mL CH4/g VS-added) compared to 
the methane yield of CSW, GW (1%) and WA (5%) alone were 278, 211 and 192 mL CH4/g VS-added. 
The yield of a synergistic methane yield (Syn-MY) was 108 mL CH4/gVS-added which increased the 
methane production. 
 Considering the energy content of CH4 was 36 MJ/m3, 10 kWh/m3 was achieved anaerobic digestion 
with  conversion efficiency of approximate 40% in a gas motor [14]. The maximum methane production 
of co-digestion of CSW (94%) with GW (1%) and WA (5%) was 8.8 m3 CH4/m3 of mixed wastewater and 
electricity production of 1 m3 mixed wastewater would be 317 MJ or 88 kWh of electricity.  
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Fig. 1. Cumulative methane production from anaerobic co-digestion of CSW with GW and WA 
 
 
Fig. 2. Methane yield from anaerobic co-digestion of CSW with GW and WA 
 
Fig. 3. The synergetic effect of co-digestion CSW with GW and WA at mixing ratio of 94: 1: 5; T-MP (Total methane production), 
CSW-MP (Canned seafood wastewater methane production), GW (1%)-MP(Glycerol waste (1%) methane production, WA(5%)-
MP (Wolffia arrhiza (5%) methane production) and Syn-MY (Synergistic methane yield) 
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4.2 Methane production in UASB reactor 
 The anaerobic co-digestion of CSW (94%) with GW (1%) and WA (5%) was the best condition of 
methane production. This condition was selected to operate in the UASB reactor. UASB could adapt 
quickly because the seed was collected from anaerobic digestion of same wastewater type with CSW. 
Early stages of the acclimation, the CSW was fed into the UASB reactor at OLR between 0.5 and 1 g 
COD/L. day. When the seed could adapt to the new environment then gradually increased OLR as 2, 4 
and 6 g COD/L. day which was done by increasing inflow rate of influent (fixed initial COD was 27.2 
g/L). The effect of OLR on the performance of the UASB reactor was investigated. The results found that 
methane production rate increased from 8.5 to 9.5 L/day when enhanced OLR from 2 to 4 g COD/L. day. 
However, the methane production rate gradually dropped down to 3.6 L/day when increased OLR to 6 g 
COD/L. day (Fig 4C). The COD removal efficiency at OLR of 2, 4 and 6 g COD/L. day was 85, 72 and 
60% (Fig 4A), respectively. The maximum methane yield was approximately 858 mL CH4/g VS-added 
(352 mLCH4/g COD removed) and the methane composition was 62.28% on an average that the OLR 
was 4 g COD/L. day (Fig 4C). The methane yield from UASB was similar to the methane yield from 
batch test (789 mL CH4/g VS-added). Nuchdang and Phalakornkule [9] reported that maximum methane 
yield of 320 mL CH4/g COD-removed at OLR of 1.6 g COD/L. day in a case of co-digestion with 
glycerol and pig manure which had the methane content of 54% in UASB reactor. 
 The total VFA was potential inhibitors to the anaerobic process, their determination was important for 
control of anaerobic digestion process. The alkalinity measurements used for evaluating the buffering 
capacity of the systems [25]. In this experiment, the total VFA increased in the range of 500 - 1,500 mg/L 
when enhanced the OLR (Fig 4B). Additionally, the increase of OLR effected the accumulation of total 
VFA that resulted pH values in the system reduced. If a high concentration of the VFA, the pH will be 
reduced and would inhibit  the methanogenic bacteria severely or even may die which was important had 
buffering capacity in the system [23]. The VFA and alkalinity in anaerobic systems should be in the range 
of 500 – 2,000 mg/L and 1,000-5,000 mg/L and should have VFA/alkalinity ratio less than 0.4 [26, 27].  
If the VFA/alkalinity ratio greater than 0.8, the pH of the system decreased quickly. Finally, the 
VFA/alkalinity ratio in this experiment was in the range between 0.1 and 0.5 which showed the high 
performance of UASB reactor. 
4.3 Evaluation of kinetic modelling 
4.3.1 Monod model 
 The experimental data at steady-states were used to define the kinetic parameters. Fig 5(A) was 
plotted from an equation (7) for defining kinetic parameters which Y and kd were calculated from the 
intercept and the slope of the plot line of 3.058 gVSS/gCOD and 0.018 per day (R2 = 0.977), respectively. 
The values of the maximum specific growth rate (μmax) and half saturation concentration (Ks) were 
defined from Fig 5(B) by using an equation (8) which had a values as 0.548 per day and 15.487 g/L      
(R2 = 0.980). The effluent COD concentration of UASB can be predicted by using an equation (20). 
 
115.487(0.018 )
10.548 0.018
C
effluent
C
COD 



 
                             (20) 
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Fig. 4. The profile of COD removal (A), Total VFA, Alkalinity and VFA/alkalinity ratio (B), Methane production rate, methane 
composition (%) and methane yield (C) in UASB reactor. 
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Fig. 5. Linearized plots of Monod model for the determination of Y and kd (A) and plots of Monod model for the determination of 
μmax and Ks (B). 
4.3.2 Modified Stover–Kincannon model 
 The kinetic values of Modified Stover–Kincannon model were Umax and KS base on the equation (14). 
Fig 6 showed the graph plotted between V/Q(Si-Se) and 1/OLR which had KB/ Umax as the slope and 
1/Umax as the intercept point. Thus, the KB and Umax from calculating were 10 and 9.96 g/L. day. The 
correlation coefficient was 0.999 that could confirm the application of the Modified Stover–Kincannon 
model. The effluent COD concentration of UASB can be predicted by using an equation (21). 
 
(10.000)(27.200)27.200
9.960effluent
COD
OLR
     
       (21) 
 
 
Fig. 6. Linearized plots of Modified Stover–Kincannon model 
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4.3.3 Grau second-order multicomponent substrate removal model 
 The Grau second-order model coefficients were defined by plotting an equation (18). Fig 7 showed 
the graph plotted between HRT/E and θH. The values of a and b by calculating from the intercept and 
slope of the plot line were 2.905 per day and 0.992 (R2 = 0.999). The ks was 0.276 per day by calculating 
from an equation (22) which indicated substrate removal of microorganism in the process. The effluent 
COD concentration of UASB can be predicted by using an equation (23). 
( ).( )
i
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           (22) 
1
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      (23) 
 
Fig. 7. Linearized plots of Grau second-order multi-component substrate removal model 
4.4 Model evaluation 
 The kinetic models explained performance of the UASB and predicted COD effluent in the anaerobic 
system base on the Monod, Modified Stover–Kincannon and Grau second-order multicomponent 
substrate removal models compared to experimental data which obtained from the study of resulted OLR 
(Fig 8). A model to study (Monod, Modified Stover–Kincannon and Grau second-order multicomponent 
substrate removal models) was suitable for predicting COD effluent which had a regression coefficient 
higher than 0.95 under mesophilic condition. The kinetic coefficients of all models in this experiment 
were summarized and compared to the coefficients obtained from the other experiment which showed in 
Table 3. The coefficients of the Monod model (Y and μmax) in the case of CSW (94%) + GW (1%) + WA 
(5%) value were 3.058 g VSS/g COD and 0.548 per day compared with the report of Isik and Sponza [17] 
which had a value of 0.125 g VSS/g COD and 0.105 per day, respectively. However, the μmax (0.548 per 
day) obtained in this experiment which had a higher μmax value (0.105 per day) of Isik and Sponza [17]. 
The reason for the μmax differed because the difference of microorganism used in the experimental and the 
results of the co-digestion was adjusted the balance C: N ratio resulting the toxicity in system decreased 
which resulting the enhanced μmax. By increasing the value of μmax corresponded to higher Y value (3.058 
g VSS/g COD) as a result of microorganism in the system can be adapted and substrate can be used as 
well. 
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Table 3. Comparison of the kinetic coefficients in the Monod model, Modified Stover–Kincannon model and Grau second-order 
multicomponent substrate removal model 
 
Model Substrate Reactor type 
Organic loading rate 
(g COD/L-day) 
Ks 
(gCOD/L) 
Y 
(g VSS/g COD remove) 
μmax 
(day-1) 
Kd 
(day-1) Reference 
Monod 
CSW+GW(1%)+
WA(5%) UASB 2-6 15.487 3.058 0.548 0.018 This study 
Textile 
wastewater UASB 1-15.8 >4.0 0.125 0.105 0.0065 [17] 
Model Substrate Reactor type 
Organic loading rate 
(g COD/L-day) 
Umax 
(g COD/L-day) 
KB 
(g COD/L-day) Reference 
Modified 
Stover–
Kincannon 
 
CSW+GW(1%)+
WA(5%) UASB 2-6 10 9.96 This study 
Textile 
wastewater UASB 1-15.8 7.5 8.2 [17] 
Saline 
wastewater UASB 2.3-4.44 7.05 5.3 [28] 
Glucose 
digestion UASB 1.3-2.6 27.78 27.19 [9] 
Glycerol 
digestion UASB 1.3-2.6 13.7 13.51 [9] 
Co-digestion of 
glycerol and pig 
manure 
UASB 1.3-2.6 66.67 69.8 [9] 
Model Substrate Reactor type 
Organic loading rate 
(g COD/L-day) 
a 
(day-1) b 
ks 
(day-1) Reference 
Grau 
second-order 
 
CSW+GW(1%)+
WA(5%) UASB 2-6 2.905 0.992 0.276 This study 
Textile 
wastewater UASB 1-15.8 0.562 1.095 0.337 [17] 
 
 A comparison of kinetic values as shown in Table 3 which illustrated the value of Umax and KB base 
on Modified Stover–Kincannon model in this experiment which had a value as 10 and 9.96 g COD/L. day 
similar to the experimental values of Isik and Sponza [17] and Kapdan and Erten [28] from simulated 
textile wastewater (7.5 and 8.2 g COD/L. day) and saline wastewater (7.50 and 5.3 g COD/L. day). The 
values of Umax and KB in this study were less than when compared to the simulated glucose digestion 
(27.78 and 27.19 g COD/L. day), glycerol digestion (13.70 and 13.51 g COD/L. day) and co-digestion 
between glycerol and pig manure (66.67 and 69.80 g COD/L. day) in the experiments of Nuchdang and 
Phalakornkule [9] because substrates can be digested more easily when compared with CSW (94%) + 
GW (1%) + WA (5%) which were composed of the main protein. Additionally, the parameter values       
(a, b) of Grau second-order multicomponent substrate removal model calculating from the experimental 
data were 2.905 per day and 0.992. The kinetic coefficient (ks) of Grau second-order multicomponent 
substrate removal model depended on the initial substrate (Si) and microorganism concentrations (X) in 
the reactor as 0.337 per day [17] which was similar to the values in this experiment (0.276 per day).        
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The results showed that the kinetic coefficient of the Modified Stover–Kincannon model having the 
highest regression coefficient (R2=0. 987) when compared to Monod and Grau second-order component 
substrate removal model which confirming the suitability of the model used in this experiment. 
 
Fig. 8. (A) Predicted COD effluent base on the Monod (R2=0.981), Modified Stover–Kincannon (R2=0.987), and Grau second-order 
multicomponent substrate removal model (R2=0.971), (B) Linear relationship between predicted COD effluent and experiment data. 
5. Conclusion 
 Using the GW and WA as co-substrate could enhance the methane production in anaerobic co-
digestion of CSW which had 94% CSW, 1% GW and 5%WA as the best mixture. Methane production 
from a mixture of 94% CSW, 1% GW and 5%WA had the highest methane yield of 789 mL CH4/g VS-
added with 96.75% biodegradability. The methane yield of mixture increased by 184% when compared to 
digested CSW alone. The maximum methane production of CSW (94%) with GW (1%) and WA (5%) 
was 8.8 m3 CH4/m3 of mixed wastewater which could calculate the electricity production of 1 m3 of 
mixed wastewater as 317 MJ or 88 kWh of electricity. In continuous system, the maximum methane yield 
was approximately 858 mLCH4/g VS-added (352 mLCH4/g COD removed) and the methane composition 
was 62.28% on an average that the OLR was 4 g COD/L. day in UASB reactor. The kinetic models (base 
on the Monod, Modified Stover–Kincannon and Grau second-order models) and kinetic parameters were 
achieved by linear regression with correlation coefficients (R2) higher 97%.  
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